IN MULTICELLULAR ORGANISMS, apoptosis is a physiological process responsible for elimination of irreparably damaged or unneeded cells completed with their function. In the latter case, the process is triggered mostly by the binding of the so-called death receptor on the cell surface, with the corresponding ligand produced by the same cell or the neighboring cells. This way is denominated as extrinsic, and an apoptotic stimulus may be considered as physiological. Intrinsic or mitochondrial pathway could be triggered by a variety of pathological stress stimuli, including cytotoxic drugs, irradiation, oxidative stress, DNA damage, defects in DNA repair mechanisms, lack of survival signals, or contradictory cell cycle signaling (18) . Despite the above diversity in signaling pathways, two key events, namely, activation of effector caspases and normotonic cell shrinkage, are present in the majority of apoptotic models. Effector caspases disintegrate the cell content in an orderly fashion (18) . Normotonic cell shrinkage (also defined as apoptotic volume decrease, or AVD) contributes to the condensation of the cell's content (6, 10, 26, 29, 51) and is likely to protect plasma membrane integrity while the apoptotic program is progressing. K ϩ is the predominant intracellular cation in the mammalian cell. When coupled with the anions efflux, K ϩ loss results in the electroneutral release of solute and water, underlying the AVD (6, 34) . In addition to the contribution to the AVD, K ϩ efflux is considered to be important for creation of a specific low-K ϩ intracellular microenvironment, which assists the apoptosome formation and activation of caspases and endonucleases (8, 10, 19, 20) . The pivotal role of K ϩ efflux in apoptosis is highlighted by the fact that incubation of apoptotically stimulated cells in a high-K ϩ medium to prevent the K ϩ loss retards the development of apoptosis (47) .
Different experimental strategies have been applied to study K ϩ efflux so far, including the direct measurement of the intracellular ion concentrations using inductively coupled plasma/ mass spectrometry (19) , flow cytometry (10, 19) , X-ray microanalysis (1), or flame emission microanalysis (52) . Changes in elemental intracellular composition during staurosporine (STS)-induced cell death in lymphoid cell lines were recently studied in detail (1, 49) . It was demonstrated that concentrations of intracellular K ϩ and Cl Ϫ were decreased, whereas the concentration of intracellular Na ϩ was increased, resulting in dramatic changes of the ratio K ϩ /Na ϩ at the very early stages of apoptosis. In addition, the patch-clamp technique was applied to various experimental models to explore the possible involvement of K ϩ channels in K ϩ loss and AVD. STS, an intrinsic mitochondrial pathway inducer, was shown to activate aminopyridine-sensitive voltage-dependent K ϩ current in vascular smooth muscular cells (12) and TASK2 channels in proximal kidney cells (22) . Enhancement of outward K ϩ current after serum deprivation or STS treatment was described in neurons (50) . Cytoplasmic application of recombinant cytochrome c increased Kv currents in pulmonary artery smooth muscle cells (34) . In Jurkat cells, treatment with low concentrations of Fas ligand resulted in inhibition of Kv1.3 current in the first 20 min (46) . In subsequent experiments, using higher concentrations of Fas ligand, activation of Kv1.3 current was demonstrated (44) . Although important for understanding the mechanisms involved in apoptosis progression, these data do not depict the complete sequence and multitude of events occurring in the membrane of native cells. The patch-clamp method studies individual cells and, as such, requires a lot of replicas to reconstruct a time course of changes in expression and parameters of certain ion channels during apoptosis. In addition, patch clamp, routinely used in a whole cell configuration, imposes several nonphysiological conditions such as perfusion of the cell interior by an artificial solution and clamp of the membrane potential. Also, the experimental protocols are normally designed to monitor a certain ion current and do not allow us to record all existing ion currents simultaneously. At the same time, several types of ion channels and transporters may contribute to K ϩ efflux during AVD in vivo. The net K ϩ efflux also may be affected by the activity of plasma membrane Na ϩ /K ϩ pump. The microelectrode ion flux estimation (MIFE) technique developed at the University of Tasmania (40) is an electrophysiological method suitable to study ion fluxes in living cells. It was proved to be a rather convenient tool to study ionotropic membrane transport processes in plants and bacteria (42, 43) . Recently, we adopted the MIFE technique for ion flux measurements in mammalian cell populations (35) . Being noninvasive, the MIFE technique enables recordings from the cells in conditions nearest to physiological. In the present work we used K ϩ -selective vibrating microelectrodes for the registration of K ϩ fluxes in an apoptotic cell population. High spatial (a few micrometers) and temporal (several seconds) resolution enables real-time monitoring of net K ϩ fluxes. Jurkat cells were used as a model. These cells are widely used for apoptosis research (48) , and many details of their underlying mechanisms are well studied (37, 39, 44, 46) . Importantly, K ϩ channels expressed in the plasma membrane of Jurkat cells have been described and characterized pharmacologically, which was of key importance for the present work. Namely, three types of K ϩ -selective channels have been characterized to date: 1) voltage-dependent margotoxin (MgTx)-sensitive Kv1.3 channel (33, 35, 38) , 2) Ca 2ϩ -activated smallconductance apamin-sensitive SKCa2 channel (15, 16, 21) , and 3) background (K bg ) channel, whose pharmacological profile was identical to the human TRESK (TWIK-related spinal cord K ϩ ) channel belonging to the double-pore domain K ϩ (K2P) channel family (36) . Therefore, we used the inhibitor analysis to reveal the contribution of every channel type into the net K ϩ flux. We compared the time course of K ϩ flux during apoptosis caused by intrinsic (STS) and extrinsic stimuli (antibodies to CD95 receptor, anti-CD95) and correlated them to the AVD and effector caspase-3 activation. Finally, we applied the patch-clamp technique to specify the changes in the expression and biophysical characteristics of dominant K ϩ currents during apoptosis.
MATERIALS AND METHODS
Cell culture and apoptosis treatment. Jurkat cells (clone E6-1) were kindly provided by Dr. Yvonne Rosenstein (Instituto de Biotecnología, Universidad Nacional Autónoma de México). Cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, and 1% nonessential amino acids (all from Invitrogen) at 37°C in a humidified atmosphere (5% CO 2-95% air). Cells were maintained in the logarithmic growth phase by daily medium refreshment. To induce apoptosis, we treated cells with different concentrations of STS (Sigma, Toluca, Mexico) or anti-human FAS (CD95/Apo-1) monoclonal antibodies (clone DX2, product no. F4424; Sigma). K ϩ flux measurement. The MIFE technique developed at the University of Tasmania (40) was applied to monitor K ϩ fluxes during the course of apoptosis. Noninvasive K ϩ -selective microelectrodes were used to measure net K ϩ flux from the surface of a dense cell monolayer by following the protocol employed previously for bacterial cells (41, 42) . The bath solution in these experiments was designed to maximize signal-to-noise ratio and contained (in mM) 150 NaCl, 0.5 KCl, 1 MgCl 2, 2.5 CaCl2, and l0 HEPES-NaOH (pH 7.4). To obtain the uniform dense cell monolayer, cells were washed twice with bath solution and immobilized on the glass coverslips pretreated with poly-L-lysine [0.1% (wt/vol); Sigma], as described previously (35) . The micropipettes were pulled from borosilicate glass tubing and silanized using tributylchlorosilane (Fluka, Busch, Switzerland). The tips were then broken to an outer diameter of 3-5 M. After being backfilled with 200 mM KCl, the micropipette tips were filled with potassium ionophore cocktail (catalog no. 60031; Fluka). Electrodes were calibrated in a range of K ϩ standards before and after each experiment. The temperature during experiment was maintained at 36.4 -36.7°C. The principle of ion flux measurements is based on moving the microelectrode between two positions, one close to the cell monolayer (5 m) and another 20 m further away, and measuring the electrochemical potential for K ϩ at two excursion points. The frequency of the movement was 0.1 Hz, and the sampling rate 15 Hz. The difference in K ϩ electrochemical potential was then used to calculate K ϩ ion flux, assuming the concentration gradient was solely diffusive. In our case of planar diffusion geometry (cell monolayer), net ion flux (J) was calculated (in units of nmol⅐m Ϫ2 ⅐s
Ϫ1
) as follows (31):
where c is average K ϩ concentration between two microelectrode positions, u is ion mobility, F is the Faraday number, dV/dx is voltage gradient measured by ion-selective probe between two positions, and Nernst slope is the slope of the calibration graph for the probe.
Patch-clamp techniques. Patch-clamp experiments were performed in the whole cell configuration. Bath solution contained (in mM) 150 NaCl, 5 KCl, 1 MgCl 2, 2.5 CaCl2, and l0 HEPES-NaOH (pH 7.4). Patch pipettes were pulled from Kwik-Fil 1B150F-4 capillaries (World Precision Instruments) in four steps on a Brown/Flamming model P-97 puller (Sutter Instruments, Novato, CA) and fire-polished using an LPZ 101microforge (List Medical Electronics, Darmstadt, Germany). Patch electrodes were filled with a solution containing (in mM) 134 KCl, 2 MgCl 2, 1 CaCl2, 10 EGTA, and 10 HEPES-KOH (pH 7.4). The resistance of patch electrodes was 3-5 M. Experiments were performed at 29 -31°C. K ϩ currents were measured under voltage-clamp conditions using an Axopatch 200A integrating patchclamp amplifier (Axon Instruments, Foster City; CA). Records were low-pass filtered at 5 kHz, digitized using a DigiData 1200 Interface (Axon Instruments), transferred to a personal computer, and analyzed using pCLAMP 6.0 software (Axon Instruments). To measure the free running membrane potential, the amplifier was periodically switched to current-clamp mode (at I ϭ 0).
Voltage protocols for the assessment of the Kv1.3 activation and inactivation curves were as described previously (35) . Experimental curves were fitted to Boltzmann functions, yielding the midpoint potential values. Nonlinear regression fitting of the data was performed using the GraFit v.6 data analysis and graphics program (Erithacus Software). A different protocol was used to study instantaneous voltage-independent K bg currents (36) . Actual recording was preceded by a series of pulses to 0 mV, to inactivate Kv1.3 channels; minimal pause between voltage episodes was set to prevent a recuperation of the Kv1.3 from the inactivation.
Caspase-3 activity assay. N-acetyl-Asp-Glu-Val-Asp-p-nitroaniline (DEVD-pNA) cleavage activity from cytosolic extract was measured using a colorimetric assay (Biovision). In brief, Jurkat cells were collected at different time intervals by centrifugation at 200 g for 5 min at 4°C and were resuspended in a chilled lysis buffer. After 10 min on ice, the supernatant was collected by centrifugation, assayed for protein content, and incubated at 37°C in reaction buffer containing DEVD-pNA substrate for caspase activity measurements. After 1 h of incubation, release of the chromogenic compound pNA was measured by absorbance at 405 nm using a spectrophotometer.
Cell diameter measurements. Changes in the cell volume were estimated from the cellular diameter, assuming that the cell swells and shrinks in a spherical manner. To prevent cell floating during diameter measurement, cells were immobilized on poly-L-lysine-pretreated coverslips as described above for MIFE measurements (see K ϩ flux measurement). Only point contact without the cell spreading was observed. Immobilized cells were incubated in complete growth medium supplemented with the indicated drugs (apoptotic stimuli and/or K ϩ channel inhibitors) in a humid CO2 incubator at 37°C. After different periods of incubation, samples were moved to a Zeiss Axiovert 200 microscope connected to an AxioVision 4 release 4.1 camera to take images. Micrographs of various view fields (ϫ40 objective) were taken. Cell diameters were measured on micrographs using the Zeiss Axiovert 200 scale bar.
Statistical analysis. Data are means Ϯ SE for three to five independent experiments. Different experimental groups were compared using the Kruskal-Wallis test, followed by Dunn's test for multiple pairwise comparisons using the macro %DUNN for SAS (1989) proposed by Juneau (2004). Statistical analysis was done with NPAR1WAY using Wilcoxon scores for SAS. P values Ͻ0.05 were considered statistically significant.
RESULTS

Time course of caspase-3 activation in Jurkat cells treated with STS or anti-CD95.
Jurkat cells are highly sensitive to STS treatment (39) and anti-Fas (CD95/Apo-1) ligation (37) . The enzymatic activity of caspase-3 is a hallmark of the apoptotic process caused by both of these stimuli (37, 39) . Furthermore, K ϩ efflux is considered to be an important factor for caspase-3 activation (8, 10, 19, 20) . Our initial experiments were performed to define the time course of caspase-3 activation in Jurkat cells treated with either STS (intrinsic pathway) or anti-CD95 (extrinsic pathway). Results are shown in Fig. 1, A and B, respectively. Treatment of Jurkat cells with 1 M STS caused a rapid increase of caspase-3 activity, which reached its maximal level after 2-2.5 h of incubation. This level was maintained between 2 and 6 h and then markedly decreased, most likely due to the progress toward the final degradation phase of apoptosis. The activation of caspase-3 in cells treated with 300 nM STS progressed much slower, without the welldefined plateau phase. The maximum level of activity was reached at 4 h and decreased at 6 h of incubation. Treatment with anti-CD95 (clone DX2; 2 g/ml) resulted in a slower activation of caspase-3. The statistical difference from control level was observed at 4 -6 h of incubation. A further increase of antibody concentration (up to 10 g/ml) did not result in the increase of caspase-3 activity, suggesting that saturation of CD95 receptors was reached at a concentration of 2 g/ml, and this is in line with data of others (2, 5, 30) . The period preceding the maximal level of caspase-3 activation was considered as an early phase of apoptosis.
AVD in Jurkat cell population after the STS and anti-CD95 treatments. K
ϩ efflux is suggested to be the key event for AVD (6, 10, 26, 29, 50, 51) . To estimate AVD, we took images of living cells at different times of incubation with apoptotic stimuli. Jurkat cells, like the majority of lymphoid cells (1, 3) , swell and shrink in a spherical manner during the AVD caused by STS. Although some cells demonstrated membrane blebbing as early as 1 h of incubation, no marked changes in their spherical cell geometry were observed (Fig. 2, A and B) . In this case, the changes in cell diameter reflect the changes in cell volume. We then performed cell diameter measurements, where blebs, if any, were not considered. Figure 2C demonstrates the distribution of cells, according to their size, in both untreated and apoptotic cell populations. In the untreated population, the distribution was symmetric, with a maximum between 10 and 11 m. After 1 h of STS treatment, the peak of the distribution curve was shifted left to a smaller cell diameter (between 8 and 9 m). Also, the distribution broadened and became asymmetric, suggesting a considerable contribution of shrunken cells. After 5 h of incubation, the distribution became biphasic, reflecting cell shrinkage and formation of apoptotic bodies. Cell shrinkage in the population treated with anti-CD95 was slower. We did not observe any significant changes in the size distribution in the apoptotic Jurkat population compared with untreated cells, up to 4 -6 h, with a slight difference observed in the presence of anti-CD95 antibodies at ϳ8 h (data not shown).
Real-time noninvasive K ϩ efflux monitoring in living Jurkat cell populations using the MIFE technique. In the present work we have developed an approach for a real-time monitoring of the K ϩ fluxes in Jurkat cell populations by means of the MIFE technique. The measurement from a single cell was not practically feasible because of a low signal-to-noise ratio. Therefore, we used an approach developed earlier for bacteria (41, 42) , with some modifications for larger mammalian cells (35) , where K ϩ fluxes were measured noninvasively from a dense monolayer of immobilized cells (Fig. 3A) . Apoptotic stimuli were added directly to the record chamber before the coverslips with immobilized cells were placed therein, to prevent unspecific response to a mechanical disturbance. A biphasic K ϩ efflux was observed after 1 M STS treatment. Transient K ϩ efflux reached its maximum of 110 Ϯ 12 nmol ⅐ m Ϫ2 ⅐s Ϫ1 at ϳ15 min, sharply decreased to the level of 40 Ϯ 12 nmol ⅐m Ϫ2 ⅐s Ϫ1 at 30 min, and then gradually returned to the control level during the next 2 h of incubation (Fig. 3B) . A substantially slower K ϩ efflux increase, peaking at 40 -45 min of incubation, was recorded from Jurkat cells treated with 300 nm STS (Fig. 3B ). After treatment with anti-CD95, K ϩ fluxes were not statistically different from the control level during the first hour (data not shown). From then on, a moderate increase in K ϩ efflux was registered (Fig. 3C) , whose magnitude was, however, significantly smaller than that in STS-treated cells. The amplitude of the anti-CD95-induced K ϩ efflux reached its maximum (43 Ϯ 13 nmol ⅐ m Ϫ2 ⅐s Ϫ 1) at 2 h after treatment and then gradually decreased to the background level at 6 h of incubation. In all cases, therefore, a maximal increase of K ϩ efflux preceded the maximal caspase-3 activation.
Effect of K ϩ channels inhibitors on the K ϩ efflux induced by STS. To explore the contribution of different K ϩ channels toward the K ϩ efflux caused by STS, we employed pharmacological analysis with K ϩ channel inhibitors (Fig. 4) . Voltage-gated Kv1.3 channels are highly sensitive to MgTx (K d Ϸ 0.1 nM), whereas Ca 2ϩ -dependent small-conductance SK2 channels are selectively inhibited by apamin, with a K d Ϸ 0.06 -0.2 nM (17, 21) . In our experiments, 3 nM MgTx led only to a slight inhibition of the early high-amplitude transient K ϩ efflux caused by 1 M STS (Fig. 4A) . The effect was similar when MgTx was applied simultaneously with apamin to the bath solution. Apamin alone had no effect. Together, these data point out that Kv1.3 channels seem to be involved in the early K ϩ efflux caused by STS, but the contribution of other channels, insensitive to MgTx and apamin, is substantially greater. A K bg channel was recently described by our group in Jurkat cells (36) . Although the molecular identity of K bg has not yet been determined, its pharmacological pattern has been examined thoroughly. K bg possesses pharmacological characteristics identical to human TRESK channel and clearly different from those of the other double-pore K ϩ channel family members (36) . Respective current was efficiently suppressed by externally applied bupivacaine and quinine. Both compounds in 0.1-1 mM concentrations effectively prevented K ϩ efflux induced by 1 M STS. Of note, in the later period, when K ϩ efflux amplitude was decreased, the effectiveness of MgTx was greater than that of bupivacaine and similar to that of quinine (Fig. 4C) , indicating a dominating contribution of Kv1.3 channel at this time. When a lower concentration (300 nM) of STS was used to cause apoptosis, addition of bupivacaine resulted in the change of K ϩ flux direction so that an influx instead of efflux was registered (Fig. 4, B and D) . This flux was completely inhibited by 1 mM ouabain, an inhibitor of Na ϩ -K ϩ -ATPase (Fig. 4D ), pointing to a significant contribution of the pump-mediated K ϩ influx in the early phase of apoptosis induced by STS.
Effect of K ϩ channel inhibitors on caspase-3 activity. K ϩ loss during apoptosis was suggested to form specific a low-K ϩ intracellular environment required to maintain caspase-3 active (8, 10, 19, 20) . To test this hypothesis, we studied the effects of K ϩ channel inhibitors on caspase-3 activity at 2 h of incubation with STS or 6 h of incubation with anti-CD95 (Fig. 5,  A and B, respectively) . In the STS-treated cell population, the nonselective K ϩ channel blocker quinine, which completely abolished the K ϩ efflux at a 1 mM concentration (Fig. 4A) , was the most efficient inhibitor of caspase-3 activity. A lower concentration of quinine (0.1 mM) had a smaller but also statistically significant effect on caspase-3 activation. The same results also were found for 1 mM bupivacaine, which affects both K bg and Kv1.3 channels (36). Selective inhibitors of Kv1.3 and SK2 channels, MgTx and apamin, added separately or simultaneously, had no significant effect on caspase-3 activity. Therefore, only a complete blockage of K ϩ efflux through both K bg and Kv1.3 channels by quinine caused a physiologically relevant inhibition of the STS-induced caspase-3 activation. In the anti-CD95-treated cell population, only quinine at a high concentration (1 mM) was effective (Fig. 5B) . Of note, there was a potentiation of the caspase-3 activity by bupivacaine and a lower (0.1 mM) concentration of quinine, which may be caused by nonspecific effects of these drugs during prolonged (6 h) incubation. Finally, the inhibition of K ϩ loss inhibits caspases activation but does not prevent cell death. Cell populations treated with apoptotic stimuli and K ϩ channels inhibitors died after 24 h of posttreatment incubation (trypan blue exclusion test), similar to populations treated only with apoptotic stimuli (data not shown). It seems that the rate of cell death is not affected significantly, but rather the mechanism/type of the cell death.
Effect of valinomycin on caspase-3 activity. The antibiotic valinomycin is a K ϩ -selective ionophore that mediates K ϩ exchange across cell membranes. Valinomycin at a concentration of 0.5 M did not affect the Jurkat cell viability (tested by trypan blue exclusion assay; data not shown) up to 2 h and caused K ϩ efflux similar in its magnitude and kinetics to that evoked by 1 M STS (Fig. 6A) . However, valinomycin (0.5 M) alone was unable to activate the caspase-3 (Fig. 6B) . No significant change in caspase-3 activity was evoked by valinomycin in the cells treated with a high concentration(1 M) of STS. However, the valinomycin significantly potentiated (by ϳ30%) the caspase-3 activation induced by a lower concentration (300 nM) of STS.
Effect of K ϩ channel inhibitors on STS-induced AVD. To reveal the roles of different K
ϩ channels in the AVD, we studied the effects of K ϩ channel inhibitors on the cell size distributions in apoptotic populations. As far as the evident changes in a cell size distribution were documented at 1 h of the incubation with 1 M STS (Fig. 2B ), cells were incubated for 1 h with either STS alone or STS plus a K ϩ channel blocker. In a control series, cells were incubated with K ϩ channel blockers alone, which resulted in a moderate cell swelling; a peak of the distribution was shifted ϳ0.5-0.6 m to the right for all blockers at tested concentrations (data not shown). As shown in Fig. 7 , all channel blockers prevented the AVD to a variable degree, indicating a participation of different K ϩ channels in this process. Similar to the effect on caspase-3 activity, quinine (1 mM) was the most efficient among the tested K ϩ channel blockers. 
Effect of STS on K
ϩ currents. Under the conditions of this study, Jurkat cells expressed two principle K ϩ currents. One of these currents, voltage and time activated, was mediated by Kv1.3 channels (35) . The other current was instantaneous and mediated by K bg channels (36) . We could not detect any significant apamin-sensitive Ca 2ϩ -activated K ϩ current in our experiments, in an agreement with a low expression of respective (SKCa) channels at early (24 h) times in the culture after medium refreshment (28) . Therefore, we have analyzed the changes in expression/current density of the dominating K bg and Kv1.3 currents, and activation and inactivation parameters of the Kv1.3 current, as a function of time in the presence of 1 M STS. Figure 8 shows that K bg currents transiently increased by ϳ50% at 20 min after STS application and then abruptly dropped almost to zero level after a half hour in STS. Membrane potential was changed in parallel, from approximately Ϫ70 mV, typical for control cells with active K bg channels, to rather depolarized values, up to Ϫ10 mV (Fig. 8) .
On the contrary, the density of the Kv1.3 current was not significantly affected by STS (1 M) treatment within the first 3 h (Fig. 9) . Also, the activation mechanism was not altered, as evident by an almost invariant midpoint potential for activation, Ϫ24 to Ϫ27 mV in STS-treated cells compared with Ϫ27 mV in control. However, the inactivation process was affected substantially. During the first minutes after the STS treatment, the midpoint potential for inactivation was shifted from Ϫ44 mV in control to Ϫ35 mV and slowly relaxed toward the control level at longer incubation times. However, within the first hour of STS treatment, the difference from control was significant, by 7-9 mV on average. Previously, STS was shown to accelerate the inactivation of Kv1.3 current expressed in Chinese hamster ovary cells in a dose-dependent manner (with an IC 50 of 1.2 M), which along with some additional results was taken as an evidence of a direct open-channel pore block by STS (9) . However, no such acceleration was observed in our case. At Ϫ10 mV, the characteristic time for the Kv1.3 inactivation was 264 Ϯ 24 (n ϭ 6) and 276 Ϯ 27 ms (n ϭ 5) in the absence and presence of 1 M STS, respectively, which either argues against a direct block by STS or suggests that the blocking affinity for some reason was much lower in the case of Jurkat cells.
DISCUSSION
In the present work, the kinetics of K ϩ efflux caused by intrinsic (STS) or extrinsic (anti-CD95) apoptotic stimuli were recorded noninvasively in Jurkat cells populations. The kinetics and the magnitude of K ϩ efflux depended on both the nature and the concentration of the apoptotic stimulus. High concentrations of STS (1 M) led to a biphasic K ϩ efflux (Fig.  3B) . High-amplitude transient efflux occurred immediately after STS stimulation, followed by a gradual decrease and return to the control level. After treatment with a lower STS concentration (300 nM), the kinetic of K ϩ efflux were slower ( Fig. 3B) , although the peak K ϩ efflux reached the same level as for 1 M STS. K ϩ efflux induced by anti-CD95 developed more slowly and was smaller compared with K ϩ efflux caused by STS (Fig. 3C) .
Pharmacological analysis and the patch-clamp technique were used to reveal the contribution of different K ϩ channels expressed in Jurkat cells toward K ϩ efflux caused by STS (Figs. 4, 8, and 9 ). Kv1.3, SKCa2, and the recently described and characterized pharmacological K bg channels (36) were considered. Kv1.3 is a unique voltage-dependent K ϩ channel in lymphocytes (32) , including Jurkat (33, 35, 38) . It plays an important role in volume regulation (11) , and thus it was suggested to be important also for AVD and apoptosis (44) . This was further confirmed by the fact that CTLL-2 lymphocytes lacking Kv1.3 channels were resistant to apoptosis initiated by actinomycin D, whereas a retransfection with Kv1.3 restored their sensitivity to this cytostatic drug (4) . In CD95/ Fas-related apoptosis in Jurkat cells, only the involvement of the Kv1.3 channels had been considered previously (44, 46) . Until now, the studies of possible roles of K ϩ channels in the STS-induced apoptosis in Jurkat cells had not been addressed. In our experiments, the highly specific Kv1.3 blocker MgTx had only a small (although statistically significant) effect on the early transient K ϩ efflux caused by STS (Fig. 4A) . Patch-clamp measurements revealed that Kv1.3 current density remained almost constant and that the activation mechanism was not altered by STS, whereas the inactivation was shifted to more positive potentials (Fig. 9) . Altogether, this implies that STS expands the voltage range where a significant percentage of the Kv1.3 channels turn open and are noninactivated at a steady state. Previously, we have shown that at comparable current densities under control conditions, Kv1.3 channels alone maintain membrane potentials at ϳϪ30 mV (35) . Much lower membrane potentials, down to Ϫ84 mV, were observed in a subpopulation of Jurkat cells expressing large K bg currents (36) . Given the fact that Kv1.3 channels are silent at membrane potentials Ϫ50 mV (36), a capacity of cells to maintain membrane potentials below Ϫ50 mV in the first 20 min after STS treatment (Fig. 8) reflects a large activity of K bg channels. Therefore, K bg currents make a major contribution to the large K ϩ efflux induced by 1 M STS in the first minute (Fig. 3) . The pharmacological pattern (Fig. 4) , especially a strong inhibition of K ϩ efflux by bupivacaine, which preferentially inhibits K bg channels, also corroborates the view of a dominant contribution of K bg current to the rapid phase of STS-induced K ϩ efflux. K bg expressed in Jurkat was shown to possess a pharmacological pattern very similar to human TRESK channel (36) , but the molecular identity of this channel has yet to be explored. Interesting, the new evidence for the presence of TASK-1 and -3 and TREK-2 K2P channels, belonging to the K2P family in human T lymphocytes and mouse B-cells, respectively, was reported recently (27, 53) .
The existence of a MgTx-sensitive component of the STSinduced K ϩ efflux (Fig. 4A) implies that some cells mainly express Kv1.3 channels, whereas K bg channels are underexpressed or downregulated, which results in more depolarized membrane potentials, allowing the Kv1.3 activation. At longer times (Ͼ0.5 h), the K ϩ efflux in STS (1 M)-treated cells significantly decreased (Fig. 3B) . From there on, the contribution of K bg currents to the K ϩ efflux will be negligible due to extremely low K bg activity (Fig. 8) . At this period, the effect of MgTx on inhibition of K ϩ efflux is greater than that of bupivacaine and is comparable to that provoked by quinine (Fig. 4B) , indicating a prevailing contribution of Kv1.3. However, based on a sustained activity of Kv1.3 channels, one may expect that membrane potentials would be maintained in the range of Ϫ30 mV or even lower, which was not observed at times Ͼ50 min (Fig. 8C) . The reason for this controversy may be the increase of a nonselective leak in apoptotic cells. The leak was not that large (e.g., approximately Ϫ10 pA at Ϫ70 mV for the original recording at 68 min of STS in Fig. 8A ) but was sufficient to depolarize the Jurkat cell. Indeed, at Ϫ10 mV, Kv1.3 channels are ϳ100% activated, but because of the inactivation, only ϳ10% of them will be open at a steady state (35) . At 1 h in 1 M STS, the average cell diameter is ϳ8 m, which corresponds to ϳ2 pF membrane capacitance, assuming a specific capacitance of 1 F/cm 2 . Based on an average Kv1.3 current density of 20 pA/pF, a 10% fraction of available Kv1.3 channels will mediate K ϩ efflux of just 4 pA, which could be electrically balanced by a leak-mediated K ϩ influx of the same magnitude. Involvement of Ca 2ϩ -dependent K ϩ channels in apoptosis in lymphocytes was reported earlier (13) . Jurkat cells were shown to express small-conductance Ca 2ϩ -dependent SKCa2 K ϩ channels (16, 21) . However, the level of expression of Ca 2ϩ -dependent K ϩ channels in lymphocytes is upregulated after mitogene stimulation (14) . Also, SKCa2 expression varies notably throughout the cell cycle progression in Jurkat cells (28) . In our study, nonstimulated cells at 24 h after medium refreshment were used. Patch-clamp experiments in the whole cell configuration with a high (5 M) free Ca 2ϩ concentration in the pipette did not reveal the presence of SKCa2 current. Most likely, cells in G 2 /M phases with an extremely low level of SKCa2 expression were predominant in this population, as described earlier (28) . As expected, the specific SKCa2 blocker apamin did not affect K ϩ efflux caused by STS (Fig. 4) , indicating that the SKCa2 contribution toward K ϩ loss observed in our experiments was negligibly small. However, it is conceivable that, once expressed, this channel could participate in the apoptotic K ϩ loss. The kinetics and the level of caspase-3 activity positively correlated with the kinetics and the magnitude of K ϩ efflux (Figs. 1 and 3) . Pharmacological analysis revealed that quinine, in a concentration completely preventing K ϩ efflux (e.g., 1 mM), was the most efficient in the caspase-3 inhibition (Fig.  5) . At the same time, complete caspases-3 inhibition was not reached. Furthermore, the K ϩ -selective ionophore valinomycin caused K ϩ efflux but did not activate caspase-3. Together, these data suggest that a specific apoptotic signal is pivotal for the caspase-3 activation, but the intracellular K ϩ depletion could modulate the level of its activity. Low intracellular K ϩ concentration may prolong the lifetime of an activated caspase. Alternatively and/or in addition, the effects of quinine and bupivacaine on the caspase-3 activity could be mediated by channels other than K ϩ . We therefore tested bupivacaine (1 mM) on the Ca 2ϩ release-activated current (CRAC) mediating Ca 2ϩ influx into Jurkat cells and observed its inhibition by 43 Ϯ 5% (n ϭ 3). Similarly, CRAC could be inhibited by some quinoline analogs at millimolar concentrations (45) . CRAC inhibition was considered an important event in the CD95/Fasinduced apoptosis in Jurkat cells (25) . Thus bupivacaine and quinine could potentiate the anti-CD95-induced apoptosis via partial CRAC inhibition, which is corroborated by the data presented in Fig. 5 . Fig. 9 . STS treatment did not affect the density (B) and activation of the Kv1.3 current but caused a transient shift of inactivation to more positive potentials (A). Jurkat cells were treated with 1 M STS directly in the experimental chamber, and Kv1.3 current was evoked by steps from the holding potential of Ϫ70 mV to potentials up to 0 mV in 5-to 10-mV increments with a sufficient pause between pulses to allow 95-97% recuperation of the Kv1.3 current from the inactivation. A fraction of activated channels was assessed as a relative magnitude of the tail current at Ϫ50 mV after a short (30 ms) test potential pulse. A fraction of noninactivated channels was assessed as a relative magnitude of the initial current, recorded at ϩ50 mV, given after a prolonged (4 s) pulse to a test potential [see Pottosin et al. (35) for details]. Recordings in the whole cell mode were undertaken at variable times after STS treatment, each time on a newly patched cell. Half-activation and inactivation potentials (V1/2) for the Kv1. Although a sharp peak of K ϩ efflux was observed at 15 min after 1 M STS treatment, the cells loosed K ϩ further up to 90 min of registration (Fig. 3B) . Cell sizing was then undertaken 1 h after STS treatment, and a significant cell shrinkage was observed (Fig. 2) . The loss of K ϩ (and a respective volume decrease) is defined by the area under the curve for time course of the K ϩ flux. Assuming an average cell surface of 350 m 2 (for a spherical cell with a diameter of 10.5 m) and the flux kinetics as that presented in Fig. 3B , and taking into account that the flux is measured only from the external face of the cell, the cell density was ϳ70% of the surface (Fig. 3A) , and the initial intracellular K ϩ concentration was 150 mM, then after 1 h in the presence of 1 M STS, ϳ40% of the cellular K ϩ will be lost. As the average cell diameter changes from 10.5 to 8.5 m after 1 h in STS (Fig. 2B) , the volume will decrease by ϳ45%. Therefore, one may conclude that, in this case, the volume decrease was almost totally caused by the K ϩ (plus companion anions) loss. Further experiments with K ϩ channel inhibitors were undertaken at this time point. Notably, apamin had no effect on AVD, other inhibitors demonstrated only a partial effect, and only the nonspecific K ϩ channel inhibitor quinine (1 mM) was very effective (Fig. 7) , supporting our conclusion that K ϩ loss seems to be the main cause of AVD in the early phase of the STS-Jurkat model of apoptosis.
In the anti-CD95-treated population of Jurkat cells, K ϩ efflux developed quite differently: we registered a smaller K ϩ efflux peaking at 2 h after stimulation, and at 6 h it was already at the control level (Fig. 3C ). The peak of amplitude was significantly lower in the anti-CD95-treated population (43 Ϯ 13 nmol⅐m Ϫ2 ⅐s
Ϫ1
) compared with the STS-treated population (110 Ϯ 12 nmol⅐m Ϫ2 ⅐s Ϫ1 ). An estimate similar to one performed above predicts that at 6 h, the volume decrease would be similar to that observed after 1 h with 1 M STS, which was not the case. Yet, providing a substantial Na ϩ conductance at that time, a loss of cellular K ϩ may be at least partly balanced by Na ϩ influx, resulting in a reduced volume decrease (7). AVD after CD95/Fas treatment was observed later (8 h; data not shown). Different mechanisms, including osmolyte release, may contribute in this phase, as reported earlier (23, 24) . At the same time, AVD at earlier times (4 h) after 25 ng/ml Fas ligand treatment was reported by Bortner and Cidlowski (7) . The difference between these findings and our data could be the result of different modes of CD95 receptor stimulation, synthetic ligand (7), and IgG antibodies (this study).
Intracellular environment may change rapidly during the apoptosis progression, from the "normal physiological" through the "apoptotic physiological" to a "nonphysiological" state. Consequently, cell parameters that are important for ion channel regulation, such as plasma membrane potential, pH, and calcium concentration, also are changed, as has been confirmed in numerous studies. Thus contributions of K ϩ channels with diverse regulatory mechanisms may be important to ensure K ϩ efflux in this ever-changing intracellular environment. In our model, the K bg channels played a major role in the early K ϩ efflux, whereas the contribution of Kv1.3 channels was dominant in the later period, but only a complete arrest of the channel-mediated K ϩ loss resulted in a significant inhibition of the apoptosis progression, reported as changes in the caspase-3 activity.
